Plastic plug-flow bio-digesters have been promoted as a good option for improved treatment of manure and wastewater in developing countries although minimal information has been published on their hygienic status. This bench-scale study replicates bio-digester conditions to evaluate the reduction of pathogen and indicator microorganisms at three different hydraulic retention times (HRT) in the anaerobic treatment of pig manures at 308C for 50 days. Results showed that physicochemical values differed between HRTs. Gas production efficiency was better for longer HRTs. The accumulated sludge at the reactor's base increased with longer HRT. Phages and bacteria examined were reduced, but none was completely eliminated. Log 10 reduction of bacteria ranged from 0.54 to 2.47. Phages ranged from 1.60 to 3.42. The reduction of organisms at HRT ¼ 30 days was about one log 10 unit higher than HRT ¼ 15 days and about two log 10 units higher than HRT ¼ 3 days. The results indicate that the reduction of tested organisms increases with HRT. However the hygienic quality of the liquid effluent does not meet required quality values for surface and irrigation water. Longer HRTs are recommended to increase gas yield and achieve higher pathogen reduction. More barriers should be applied while handling bio-digester outputs to minimise risks to environmental and human health.
INTRODUCTION
In tropical regions plug-flow plastic bio-digesters (PBD) are a cost-effective way to treat animal slurries and produce cooking gas, and have been promoted in many developing countries (An 2002; Yongabi et al. 2003; Brown 2006 ).
Bio-digester effluent can be applied to crops (rice, cassava and other perennial crops), vegetables (lettuces, tomatoes, cabbage and water spinach) and in ponds (fish or water plants). Yet their design, construction and operation is unregulated, and linked to environmental and health risks.
In particular the pathogen reduction efficacy is not well documented, although a few studies in Vietnam's Mekong Delta region have found high concentrations of the indicator bacteria Escherichia coli in bio-digester effluents (Kobayashi et al. 2003; Rechenburg et al. 2007 ).
Unlike biogas plants in Europe the output of tropical
PBD is low in dry matter. Solids accumulate at the plant's base, often for years. Hence, methane yields cannot be calculated onsite as gas production strongly correlates to the amount of solids present (Nuber & Tien 2008) .
Conversely, accumulated solids reduce the hydraulic retention time of PBDs. Of PBDs investigated by Nuber & Tien (2008) 70% showed HRTs of less than six days and the shortest HRT was 1.83 days. Short HRTs may impact negatively on the treatment efficacy of the process as well as the hygienic status of the effluent.
As well as the HRT, factors such as temperature, pH, total solids, volatile fatty acid and batch or continuous digestion, also affect pathogen survival (Henry et al. 1983; doi: 10.2166 /wh.2009 Kearney et al. 1993a; Kunte et al. 1998) . PBDs in tropical regions are made from cheap and ubiquitous materials such as polyethylene film. To increase PBD lifespan they are not exposed to direct sunlight, they are fenced off from animals, and their internal temperature is kept at 28 -308C. According to An et al. (1997) , in Vietnam, PBDs are typically fed with fresh pig manure at low loading rates. Via a benchscale study, in situ bio-digester conditions were replicated with the aim of evaluating pathogen reduction at three different HRTs (3, 15 and 30 days) in the anaerobic treatment of pig manures at 308C.
The objective of this study was to evaluate the gas production and the hygienic quality of the effluent from 
MATERIALS AND METHODS

Experimental conditions
Polyethylene tubes were used to build reactors of 3 l volume that were filled with 2.5 l of substrate (Figure 1 ). They are comparable in dimensions to a domestic bio-digester, which has the length:diameter ratio of 5:1.
The triplicate experiment was carried out with three HRTs (3, 15 and 30 days). Reactors were placed in an incubator at 308C, filled with pig slurry (2 g organic dry matter (ODM) per litre) and seeded with 10% inoculum sourced from a wastewater treatment plant. They were incubated for 8 days without feeding for microorganisms to adapt to the anaerobic conditions. The reactors were then fed once a day with a fixed daily input of 2.5 g ODM of fresh pig manure with different amounts of water for 50 days. strains was found, except for E. coli. Therefore, E. coli was isolated from fresh pig slurry then verified by biochemical tests (Api 20E; Biomerieux) and this indigenous E. coli strain was used for further study.
The bacteria suspensions for spiking were made in 0.9% NaCl solution from fresh colonies grown on Columbia blood agar (5% sheep blood, Oxoid) using McFarland (BioMerieux) standards. Bacteria were spiked to the daily feeding material at a final concentration of 10 5 -10 6 CFU ml 21 .
Phages were cultivated according to ISO 10705 and spiked to the feeding material at 10 5 -10 6 PFU ml 21 .
Sampling
Reactor influents and effluents were sampled daily for pH, dry matter (DM) and organic dry matter (ODM). Chemical parameters (NH þ 4 -N, volatile fatty acids (VFA) and total inorganic carbon (TIC)), gas production and tested organisms were analysed weekly. Samples were stored at 48C and analysed within 24 hours of sampling. The exception were VFA samples, which were stored in a freezer (215 to 2208C) and analysed within 3 weeks. Accumulated sludge at the reactor's base was determined at the end of the experiment. The sludge was removed from the reactors and analysed for DM, ODM and the microorganisms concerned.
Physicochemical analysis
COD was analysed by test kit (COD Cuvette test, Merck).
The gas quality was analysed by an infrared analyser (VISIT 03). Gas amount in the gasbags was measured with a RITTER gas counter, and then converted to normal conditions (norm litre). Other parameters were determined using Standards Methods (1992).
Microbiological analysis
Somatic coliphages and MS2 phages were counted by the single-agar-layer technique as described in ISO 10705-2 and ISO 10705-1, respectively. E. coli was counted on 
RESULTS AND DISCUSSION
Characteristics of the feeding materials
In the fresh slurry target phages and bacteria were present in low concentrations before spiking (Table 1) HRTs, and an overview is given in Table 1 .
Performance of reactors
Physicochemical values differed between the different
HRTs. Average pH varied from 6.6 to 7.2. Gas yields increased from 12.8 to 40.3 l per reactor; the average amount of gas produced was significantly higher at longer HRTs (Table 2 ). Yet CH 4 concentration increased with decreasing HRT and pH values.
The influent and effluent ammonium concentrations were below 0.5 g NH increased markedly from HRT of 3 days (25%) to 15 days positive for reactor operation, in terms of reactor stability, effluent stability and thereby also gas production.
Effect of operational parameters on PBD performance
The pH of effluents from an HRT of 3 days was lower than that from HRTs of 15 and 30 days (Table 2) With a fixed daily input of fresh manure, reactors with longer HRTs produced more biogas. A similar trend was described by Thy et al. (2005) . The higher gas yields at longer HRT may be due to: (1) prolonged digestion time;
and (2) a lower velocity leading to increased sedimentation.
The fact that sediment can contribute to biogas production is a point supported by Nuber & Tien (2008) . In addition, by the end of the trial the accumulated sludge was more homogeneous in the reactors at longer HRTs.
Relations between HRT and biogas production efficiency
Results show that longer HRT positively affects biogas production efficiency in PBDs in tropical regions ( Table 2 ). 
Reduction of microorganisms tested: comparison of influents and effluents
All examined phages and bacteria were reduced during the treatment. Generally, bacteria showed higher resistance to treatments than phages. Log 10 reduction of bacteria ranged from 0.54 to 2.47. Phages reduction ranged from 1.60 to 3.42. That bacteria were more resistant to mesophilic anaerobic treatment of manure than phages is supported (14) by Lund et al. (1996) . In contrast Gessel et al. (2004) showed that somatic coliphages were more persistent than Salmonella anatum and faecal coliforms in surface soil treated with liquid pig manure. That may be due to the different environmental conditions of the trial. It is documented that several pathogenic and indicator bacteria are very persistent and may even multiply in the biogas digester environment (Gerardi 2003; Sahlströ m 2003) . The longer the HRT the more efficient the reduction of microorganisms. Reduction during 30-day HRT was about one log 10 unit higher than that of 15-day HRT, and about two log 10 units higher than that of 3-day HRT (Table 3 ).
E. coli showed less reduction at a HRT of three days compared with Salmonella Senftenberg and Enterococcus faecalis (Table 3) . In a batch experiment with similar conditions E. coli showed a lag phase of 1 -2 days before their concentration decreased rapidly. It can be inferred that the E. coli population found in effluents from reactors with a HRT of 3 days resulted from this lag phase. With
HRTs of 15 and 30 days the reduction of the three bacteria investigated was similar. Log 10 reduction of somatic coliphage was slightly higher than that of MS2 phage. The relation of reduction rates between these two phages was comparable for all HRTs (Table 3) 
Effect of HRT on pathogen reduction
An HRT of 3 days showed a very low reduction of organisms tested, especially for E. coli. Kobayashi et al. (2003) found no significant difference between the concentrations of E. coli at the input and output ends of PBDs. 
CONCLUSIONS
From this bench-scale study it can be inferred that the reduction of pathogens common to domestic PBDs in tropical regions increases with HRT. Long HRTs, or factors related to longer HRTs such as high TAC, play a vital role in pathogen reduction, while yielding more gas production as well as improving hygiene for PBD users and the general population more broadly. However effluent quality in terms of microbiological hygiene requirements is not good enough to be discharged directly into surface water or applied to crops that are eaten raw, even with an HRT of 30 days.
An HRT of at least 15 days is recommended to increase gas yield and achieve a higher pathogen reduction. In sensitive areas, for example where surface water is used for domestic purposes, an HRT of at least 30 days should be applied. 
